Transcriptome sequencing of non-model organisms is valuable resource for the genetic basis of ecologicalmeaningful traits. The Royal Irises, Iris section Oncocyclus, are a Middle-East group of species in the course of speciation. The species are characterized with extremely large flowers, a huge range of flower colors and a unique pollination system. The Royal Irises serve as a model for evolutionary processes of speciation and plant ecology. However, there are no transcriptomic and genomic data for molecular characterization.
Introduction
Iris is the largest genus in the Iridaceae (Asparagales) with over 300 species (Matthews 1997; Makarevitch et al. 2003) . The genus is highly heterogeneous, with species exhibiting a huge range of plant size, flower shape and color and possible habitats (Matthews 1997) .
The Royal Irises (Iris section Oncocyclus) are a Middle-Eastern group of about 32 species and eight intraspecific taxa that are endemics to dry, Mediterranean-type climates and found in the eastern Mediterranean Basin, Caucasica, and central Anatolia (Wilson et al. 2016) . Species of section Oncocyclus occur in small isolated populations and many are considered rare, threatened or endangered (Shmida and Pollak 2007) . These species are characterized by a single large flower on a stem and perennial, short, knobby rhizomes, occasionally with stolons Wilson et al. 2016) . Plants are diploid with chromosome number of 2n=20 (Avishai and Zohary 1977) , a number that is relatively low for Iris which range in chromosome number from 2n = 16 in I. attica to 2n = 108 in I. versicolor (data obtained from Chromosome Count Data Base (Rice et al. 2015) ), and in genome size from 2,000 to 30,000 Mbp (Kentner et al. 2003) .
The Royal Irises are proposed to be in the course of speciation (Avishai and Zohary 1977; Avishai and Zohary 1980; Arafeh et al. 2002) . In recent years, they have emerged as a platform for the study of evolutionary processes of speciation, adaptation, and pollination ecology (Arafeh et al. 2002; Sapir et al. 2005; Sapir et al. 2006; Dorman et al. 2009; Volis et al. 2010; Sapir and Mazzucco 2012; Lavi and Sapir 2015; Wilson et al. 2016; Yardeni et al. 2016) . Evolutionary processes and adaptive phenotypes are governed by genetic differences, and thus the study of plant ecology and evolution increasingly depends on molecular approaches, from identifying the genes underlying adaptation and reproductive isolation, to population genetics. In the Royal Irises, however, no genetic and molecular tools are currently available.
The primary goal of this work was to generate a reference sequence for the Royal Irises that can be used as a molecular toolbox. While whole genome sequencing of the Iris is a challenging task, due to its large genome size, transcriptome sequencing may provide a strong basis for the generation of a genomic resource. Next-generation sequencing (NGS) of RNA (RNA-seq) is a powerful tool for high-throughput gene expression discovery, and for uncovering the genetic basis of biological functions, in non-model organisms (Jain 2011) . Only two NGS of transcriptomes were reported in Iris (Ballerini et al. 2013; Tian et al. 2015) , both representing species from section Louisiana, which is a distant clade of Iris species (Wilson 2011) . Currently, only one NGS-based data is available for the Royal Irises, which is the plastid genome sequence of Iris gatesii (Wilson 2014) . Previous attempts to transfer molecular tools developed for Louisiana irises to Oncocyclus irises, such as development of microsatellite loci or identifying candidate genes, have failed (Y. Sapir, un-published) . Nonetheless, low plastid variance among Royal Irises species (Y. Sapir and Y. Bar-Lev, un-published) and lack of nuclear sequences call for a wider set of molecular tools for the Royal Irises. Thus, transcriptome sequencing was chosen as a strategy for developing genetic and genomic tools for the Royal Irises.
The Royal Irises display a remarkable variety of different flower colors on a continuous scale; ranging from extreme dark (i.e., almost black) through purples and pinks to individuals with yellow and white flower . Flower color plays a significant role in the evolutionary ecology of the Royal Irises (Sapir et al. 2006; Lavi and Sapir 2015) . The extent of dark color that exists within the group, and the high variation of color also apparent in some populations, raise questions regarding the genetic control of flower color. In a preliminary study (Y. Sapir, unpublished) , we found that this color variation results from variation in the concentration of anthocyanin pigments, namely cyanidin and delphinidin. The anthocyanin biosynthesis pathway (ABP) has remained highly conserved across the angiosperms and the genes in the pathway are functionally characterized in many species (Koes et al. 1994; Zufall and Rausher 2003; Larter et al. 2018) . Therefore, the ABP serves as a powerful system for studying gene regulatory processes in plants. The ABP is regulated by a combination of three main transcription factors: R2R3-MYB, basic helix-loop-helix (bHLH) and WD40 class proteins (Hichri et al. 2011) . The three transcription factors combine to form the MBW protein complex. When the MBW complex is formed, it binds to the promotor of an ABP structural gene where it regulates gene transcription and ultimately controls anthocyanin production (Mol et al. 1998; Elomaa et al. 2003; Koes et al. 2005; Ramsay and Glover 2005) .
In this work, we report the de novo assembly of a transcriptome for Iris atropurpurea Baker, one of the Royal Irises species. I. atropurpurea is a highly endangered plant endemic to Israeli coastal plain (Sapir et al. 2003; Sapir 2016) . In recent years this species was well-studied for its morphology , pollination (Sapir et al. 2005; Sapir et al. 2006; Watts et al. 2013) , and speciation and population divergence (Sapir and Mazzucco 2012; Yardeni et al. 2016 ). All these, make I. atropurpurea a good candidate for transcriptome sequencing, that will enable further studies of genetic rescue, population genetics and finding genes underlying phenotypic traits such as flower color. This is the first reported transcriptome for this section, representing genes expressed in root, young leaf tissue and three stages of flower development. The sequenced Iris transcriptome offers a new foundation for genetic studies and enables exploring new research questions.
Methods

Plant material
We used two accessions (genotypes) of I. atropurpurea, DR14 and DR8, plants that were brought from a large I. atropurpurea population in Dora (32°17'N 34°50'E) in Israel ( Figure 1a ) and grew at the Tel Aviv University Botanical Garden. Aiming at finding genes related to flower development and to floral traits, we used three different bud developmental stages. We defined bud developmental stage 1 as the earliest detectable bud, where the bud has no color, stage 2 as a bud with beginning of color production, around 1.5 cm in size with the anthers still prominently visible above the petals, and stage 3 as a full colored bud, over 2 cm in size and with the petals covering the anthers (Figure 1b ). We collected tissues from the root, young leaf and four buds in three developmental stages (1, two of stage 2 and 3) from DR14, and buds in stages 1 and 2 from DR8. We used buds in stages 1 and 2 from DR8 in order to enlarge the representation of rare or low expressed genes. 
RNA isolation and sequencing
We extracted total RNA from all the tissue samples using RNeasy Mini Kit (Qiagen, Hilden, Germany according to manufacturer's instructions. We measured the quantity and quality of each RNA sample usin Qubit fluorometer (Invitrogen) and Bioanalyzer TapeStation 2200 (Agilent Technologies Inc., USA respectively. Only RNA samples that presented sufficient 260/280 and 260/230 purity and RIN (RNA integrity number) above 8.0 were used for sequencing. RNA was processed by the Technion Genom Center as following: RNA libraries were prepared using TruSeq RNA Library Prep Kit v2 (Illumina according to manufacturer's instructions, and libraries were sequenced using HiSeq 2500 (Illumina) on on lane of 100 PE run, using HiSeq V4 reagents (Illumina). Sequences generated in this study were deposite in NCBI's Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) under the GEO accessio number GSE121786.
De novo assembly and annotation
Raw data were assembled by the bioinformatics core facility (NIBN), Ben-Gurion University, Israe Quality of the raw sequence reads was estimated using FastQC. De novo assembly of the Iris transcriptom was done using Trinity (version trinityrnaseq_r20140717), with a minimum contig length of 200 base pair (bp) (Grabherr et al. 2011) . We estimated assembly quality using Quast (v. 3.2) (Gurevich et al. 2013 Contigs (isoforms) that are likely to be derived from alternative splice forms or closely-related paralog were clustered together by Trinity and referred to as "transcripts". The initial reads from each sample wer mapped back to the Iris transcriptome that was assembled, using the align_and_estimate_abundance.p script from trinity pipeline and Bowtie (v. 1.0.0). The number of mapped reads per transcript per sampl was counted using RSEM (v. 1.2.25) (Li and Dewey 2011) . In order to find the putative genes an logs ere e.pl ple and function, transcripts were aligned against the UniProt non-redundant protein database (26-09-2016), using BLASTX alignment with an e-value cutoff to < 0.0001 (Altschul et al. 1990 ).
Differential expression analysis, clustering and functional annotation
To show the gene expression levels in the different organs and bud stages, we used the normalized estimation of gene expression FPKM (fragments per feature kilobase per million reads mapped). FPKM are calculated from the number of reads that mapped to each particular transcript sequence, taking into account the transcript length and the sequencing depth. Transcripts with expression level of less than 2.5 (FPKM) in all tissues were omitted. Expression table was analyzed using Partek Genomic Suite v.6.6 (http://www.partek.com/partek-genomics-suite/) (Downey 2006) . Hierarchical cluster analysis was performed to identify expression patterns of transcripts differentially expressed between tissues (as specified in each analysis), by a fold change of at least two. Hierarchical cluster analysis of the full gene list was performed using PROMO (Profiler of Multi-Omics data) (Netanely et al. 2018 ) with top variance of 2000 genes and 5 clusters, Gene expression was normalized per transcript. PROMO was also used for gene expression visualization of flower development and ABP genes. For the ABP genes heat map the expression was clustered according to expression level per bud stage. Gene Ontology (GO) enrichment analysis of the clusters was obtained using FunRich (Functional Enrichment analysis tool) (Mohashin et al. 2015) . Venn diagrams representing number of genes were generated using an online website (http://www.interactivenn.net) (Heberle et al. 2015) , after omitting of replicate gene transcripts. The Venn diagram of genes differentially expressed between the three bud stages was generated using Partek Genomic Suite, which accounts for all transcripts and their expression.
The experimental design layout and analysis pipeline are presented in figure 2. 
SSRs mining
In order to utilize the transcriptome sequenced also for population genetic markers, we searched for sho sequence repeats (SSRs; microsatellites) in the assembled contigs. We used a Perl script (find_ssrs.p (Barker et al. 2010) ) to identify microsatellites in the unigenes. In this study, SSRs were considered t contain motifs with two to six nucleotides in size and a minimum of four contiguous repeat units.
Results
Sequencing and annotation of Iris transcriptome
To generate the Iris transcriptome, eight cDNA libraries were sequenced: root, leaf and three bud stage from one genet of I. atropurpurea (DR14), and buds in stages 1 and 2 from a different genet of the sam population (DR8) (Figure 1 ). We generated a total of 195,412,179 sequence reads. The average GC conten of Iris contigs was 47% (Table 1 and 2). Reads were of very high quality throughout their length, withou evidence of adapter content (Phred score >30).
Using Trinity, we assembled 258,466 contigs (isoforms) longer than 200 bp, which clustered into transcripts, with a total length of 168,049,166 bp. A larger N50 length and average length are considere and hort s.pl; d to ages ame tent hout ered indicative of better assembly. The longest contig was 27,971 bp and half of the contigs (N50) with more than 500 bp were above 1,312 bp long (Table 1) .
To quantify the abundance of contigs assembled, the reads of the separated Iris organs were mapped to the assembled contigs, with 125,074,925 mapped reads overall, and an average of 45% reads per tissue that mapped to a unique sequence in the assembled transcriptome.
The length distribution of the assembled contigs revealed that 126,194 (68.46%) contigs ranged from 201 to 500 bp in length; 37,335 (20.25%) contigs ranged from 501 to 1,000 bp in length; 16,282 (8.83%) contigs ranged from 1,001 to 2,000 bp in length; and 4,530 (2.46%) contigs were more than 2,000 bp in length ( Figure 3 ). Descriptive statistics of the sequencing data and transcriptome assembly are summarized in tables 1 and 2. 1 0
Organ-specific expression analysis
For gene expression analyses, we used only samples from DR14 accession, which had representation of a tissues. We omitted transcripts with expression below 2.5 across samples, leaving 22,804 annotate transcripts (10,935 genes). Organ specific expression of the annotated transcripts revealed 8,025 gene (73%) shared between all tissues. A small portion of the transcripts was organ specific: 337 genes wer unique to the root, 135 genes to the leaf, and 948 genes (9%) were expressed only in buds. The number o genes unique to each bud stage decreased gradually during flower development (from 172 in stage 1 to 3 in stage 3) ( Figure 5 ).
Hierarchical cluster analysis of the top 2000 differentially expressed genes revealed 5 clusters with distinct gene expression pattern for each tissue ( Figure S1 ). The number of differentially expressed gene was highest in stage 1 of bud development (roughly half), and decrease in stages 2 and. Bud 2a and 2
show similar expression pattern. RNA modification and transcription regulation (10.1% and 13.2% respectively). A relatively high fractio (4.4%) was of genes related to cell division. Cluster #2 (highlighted in green in figure 6 ) consisted of 1,75 transcripts, highly expressed in leaves. Employing GO analysis to this cluster revealed gene-expressio patterns reflecting stress response such as response to cold stress (4.3%) and response to chitin (2.5% which is a major component of fungi cell wall (Boller 1995) , suggesting existence of endophytic fungi i the leaves. Cluster #3 (highlighted in turquoise in figure 6 ) contained 1,959 transcripts, with highe expression in the roots. These genes were significantly enriched with genes involved in response t wounding and calcium homeostasis. The highest number of genes (17.2%) was involved in DNA templat transcription. The best 25 GO terms for each cluster are presented in figure S2 . Figure 6 . Clustering of genes differentially expressed between the different tissues of I. atropurpure (leaves and roots vs. buds, total of 4,070 genes).
Gene expression in developing buds
Gene expression analysis revealed 10,863 annotated transcripts (6,159 different genes) differentiall expressed between bud stages (at least two), 10% of them (1,151 genes) shared between all three lists, i.e differentially expressed between all bud stages (Figure 7a ). Hierarchical clustering of these genes reveale We identified some of the key flowering genes from A. thaliana in the Iris transcriptome. Five of them belong to the MADS family of transcription factors: MADS2, MADS3 and MADS6, SEPALLATA (SEP1) and AGAMOUS (AG) (Bowman et al. 1989 ), known to have crucial roles in flower organ identit and development (Honma and Goto 2001; Robles and Pelaz 2005) . All the orthologues of MADS famil were hardly expressed in the vegetative tissues, but their expression patterns varied between bu development stages. SEP1, represented by a single transcript, was the only MADS family gene whos expression did not vary between bud development stages. We identified two genes, APETALA2 (AP2) an WUSCHEL (WUS), which specify the identity of the floral organs (Bowman et al. 1991; Laux et al. 1996 Gene expression analysis of AP2 revealed two transcripts highly expressed in the roots, while all othe transcripts present different expression patterns, mostly expressed in the first two stages of bu development (Figure 9 ). The two transcripts found for WUS, on the other hand, were highly expressed i stage 1 of bud development and not in any other tissue, suggesting it has a role in the first stage of flowe Furthermore, we analyzed the transcriptome for the expression of transcripts annotated to structural an regulatory ABP genes. We found 36 transcripts that encode key enzymes (structural genes) in the ABP an 191 transcripts that encode transcription factors (regulatory genes) known to be involved in the regulatio of the pathway (Figure 10a ). Key enzymes include chalcone synthase (CHS) with 18 transcripts, chalcon isomerase (CHI) with 3 transcripts, leucoanthocyanidin dioxygenase (LDOX) had one transcrip dihydroflavonol 4-reductase (DFR) with 3 transcripts, flavanone 3-hydroxylase (F3H), flavonoid hydroxylase (F3'H) and flavonoid 3'5' hydroxylase (F3'5'H) had 2, 5, and 4 transcripts, respectively. Th homology identity levels with known genes ranged between 49.4-90.8%. The regulatory genes bHLH WD40 and R2R3-MYB transcription factors had 63, 8, and 120 transcripts annotated, respectively. Th regulatory genes identity levels ranged between 45.3-90.8%.
Most structural ABP genes were upregulated in bud stages 2 and 3 (Figure 10b ). Genes highly expressed stage 3 were also expressed in stage 2 but to a lower extent, whereas upregulated genes in bud stage 2 ha low or no expression in the other stages. The majority of regulatory genes were highly expressed in stage before the initiation of color formation (Figure 10c ). In addition to the expression of ABP genes in th buds, we found high expression of some of the genes in the root and the leaf. 
Development and characterization of cDNA-derived SSR markers
For the development of new molecular markers, we used all of the 258,466 contigs, generated in this study to mine potential microsatellites. We defined microsatellites as di-to hexa-nucleotide SSR with a minimum of four repetitions for all motifs. Using a Perl script, we identified 1,503 potential SSRs in 1,241 contigs, o which 263 sequences contained more than one SSR. Only 164 of the contigs containing SSRs ha annotation, and were annotated to 115 genes. We assessed the frequency, type and distribution of th potential SSRs ( Figure 10 ). The SSRs included 924 (61.5%) di-nucleotide motifs, 396 (26.4%) tr nucleotide motifs, 173 (11.5%) tetra-nucleotide motifs and 10 (0.7%) penta-nucleotide motifs. The di-, tri tetra-and penta-nucleotide repeats had 8, 30, 37 and 9 types of motifs, respectively. The most abundant d nucleotide type was GA/TC (254, 16.9%), followed by AG/CT (197, 13 .1%) and AT/AT (159, 10.6%
The most abundant tri-nucleotide repeat type was TTC/GAA (37, 2.5%). 
Discussion
Transcriptome sequencing is one of the most important next generation sequencing tools, and greatl improves our ability to develop genomic resources for non-model organisms. In the past decade, man studies have been using transcriptome de novo sequencing and assembly to generate a fundamental sourc of data for biological research (Meyer et al. 2009; Zhang et al. 2012; Ballerini et al. 2013 Tian et al. 2015) . In this study, we performed a comprehensive characterization of the transcriptome of I. atropurpurea, an important emerging model for understanding evolutionary processes (Arafeh et al. 2002; Sapir et al. 2005; Sapir et al. 2006; Dorman et al. 2009; Volis et al. 2010; Sapir and Mazzucco 2012; Lavi and Sapir 2015; Wilson et al. 2016; Yardeni et al. 2016) . We generated 195 million reads that assembled to 184,341 transcripts (contigs, ≥ 200bp), from leaf, root and three bud developmental stages.
A significant proportion (>65%) of the annotated transcripts were annotated as Arabidopsis thaliana or
Oryza sativa, probably due to higher representation of genomic resources for these species. Surprisingly, out of the transcripts annotated to non-plant organisms, the highest number of transcripts matched to Homo sapiens. These transcripts may be attributed to housekeeping genes, which are preserved across all species in eukaryotes, and also due to the highly annotated human genome. The remaining transcripts, which were not matched with a UniProt hit, may be attributed to either not yet identified genes in plants or to speciesspecific genes in irises.
Most of the genes were expressed in all tissues, probably representing housekeeping genes or genes related to vital functions such as cell growth and proliferation, correlated to the chosen proliferating tissues (young leaf, the tip of the root and developing buds). About 10% of the genes were tissue specific. Large differential organ-specific expression level was found in other plants, such as Medicago truncatula (Benedito et al. 2008) , Glycine max (soybean) (Libault et al. 2010) , Allium sativum (garlic) (Kamenetsky et al. 2015) and Arabidopsis thaliana (Schmid et al. 2005; Aceituno et al. 2008) . In our study, the highest number of organ specific genes was in the buds, same as in soybean, garlic, and rice, in which the largest number of tissue-specific genes was also found in the reproductive tissues (Libault et al. 2010; Wang et al. 2010; Kamenetsky et al. 2015) . The largest portion of unique genes in buds was in stage 1, which also showed the largest number of over-expressed genes compared to all other tissues and compared to later stages of bud development. This is in concordance with the GO enrichment analysis, showing high enrichment for genes involved in transcription among genes overexpressed in buds compared to leaves and roots, and in genes overexpressed in bud stage 1. Similarly, in garlic, the genes overexpressed in reproductive tissues are enriched with genes involved in DNA replication and regulation of RNA synthesis (Kamenetsky et al. 2015) . This suggests high representation of transcription factors (TFs), which play a crucial role in flower development (Smaczniak et al. 2012; Stewart et al. 2016) . We identified some of the key TFs regulating flowering, whose expression varied between Iris organs, and specifically between bud developmental stages. For example, we identified differential expression of MADS family genes, e.g., MADS-box TFs, SEPALLATA1 (SEP1) and AGAMOUS (AG) (Bowman et al. 1989 ). The complex action of MADS-domain TFs regulates floral organs identity, and its proteins are essential for flower development (Honma and Goto 2001; Theißen and Saedler 2001; Heijmans et al. 2012) . As expected, most of the MADS-box TFs orthologues were highly expressed in bud stage 1. We also identified the gene APETALA2 (AP2) that specifies sepal identity (Bowman et al. 1989; Robles and Pelaz 2005) , and WUSCHEL (WUS) that is required for the identity of shoot and floral meristems (Laux et al. 1996) . WUS was suggested to act upstream of other genes (Ikeda et al. 2009 ), similar to its high expression in stage 1 in Iris buds. The expression patterns of these genes in the Iris transcriptome suggest that orthologues of flowering genes can be involved in different stages of bud development. Other key flowering genes, which were not identified in our transcriptome, could be genes that were not conserved in irises. Alternatively, these genes may have been expressed in earlier stages of flowering initiation, before the appearance of buds, and thus undetected in the transcriptome. In Iris lortetii it was shown that flower organs are mostly expressed in an early stage, about two months prior to stem elongation, when the flower meristem is hidden in the rhizome (Perl 1984) . Possibly this is the stage when more flower development genes can be found;
however, this stage was not sampled in this study and will be explored in further research.
The characterization of key enzymes in the anthocyanin biosynthesis pathway resulted in 227 annotated transcripts. Focusing on the buds, a large cluster of structural ABP genes was highly expressed in bud stage 3, which is the stage where the color is nearly fully developed. When comparing the expression of the regulatory genes, a large portion was most expressed in stage 1, prior to color production. This may reflect their role as regulators and activators of the ABP, expressed and accumulated prior to the activation and expression of the ABP structural genes. Many ABP genes (both structural and regulatory) were highly expressed in the vegetative tissues. The activity of TF's and structural genes in the root and leaf reflects the production of anthocyanins in vegetative tissues, where they play an important role in plant physiology, development and signaling (Koes et al. 1994; Gould 2004) . All three TF's that form the MBW are not exclusively affiliated with the ABP, they are wide spread and are associated with a vast array of different processes, such as regulating cellular diversity within the plant (Ramsay and Glover 2005) . Genes associated with pigment synthesis will enable further study on evolution of color variation.
In addition to the characterization of the Iris transcriptome, we identified and characterized 1,503 microsatellites (SSR markers), as potential molecular markers. Several studies have already reported the generation of SSR markers from plants transcriptomes (Wang et al. 2010; Garg et al. 2011; Li et al. 2012; Zhang et al. 2012; Mudalkar et al. 2014) . Until now, SSRs in irises were reported only for Louisiana and Japanese irises (Tang et al. 2009; Sun et al. 2012) ; however, these SSRs were not transferable to
Oncocyclus irises. In our SSRs, the di-nucleotide repeat type was the most abundant motif detected of all repeat lengths. Di-nucleotide SSRs are usually more common in genomic sequences, whereas tri-nucleotide SSRs are more common in RNA sequences (Varshney et al. 2002; Thiel et al. 2003; Luo et al. 2005;  
